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Life on Earth is intimately related to the selection of L-amino acids as protein building blocks and metabolic intermediates. Until recently, D-amino acids were not thought to exist in substantial quantities in higher organisms, and little attention has been directed toward their study. Despite this common belief, abundant quantities of D-serine occur in the mammalian brain, where its levels are higher than those of most essential amino acids and are equivalent to one-third of L-serine levels (1, 2). Brain D-serine is not incorporated into proteins, but rather works as a physiological coagonist of a key neurotransmitter receptor, the N-methyl-D-aspartate-type glutamate receptor (NMDAR) (3) . Astrocytes, a class of glial cells, release D-serine to activate NMDARs in neurons, indicating that D-serine works as a gliotransmitter that mediates glial-neuronal cross-talk (4-7). However, new findings suggest that glia are not the sole players responsible for D-serine signaling. Recent data raise major questions about the unique role of astrocytes in D-serine signaling by demonstrating that neurons synthesize and release D-serine as well (8) (Fig. 1) . A recent study by Puyal and colleagues reports that D-serine immunoreactivity switches from glia to neurons during development, suggesting that glial and neuronal D-serine have distinct roles (9) . In the following sections, we discuss this new evidence regarding D-serine disposition in the brain, focusing on new ideas concerning the possible roles of glial and neuronal D-serine in NMDAR neurotransmission.
D-Serine: A Physiological Regulator of NMDA Receptors
NMDARs play a key role in excitatory synaptic transmission and have been implicated in many physiological processes, including learning and memory. NMDAR activity is strictly regulated, because its overactivation leads to the massive neuronal death that occurs in some pathological conditions such as stroke and neurodegenerative diseases (10) . Binding of a coagonist, previously thought to be glycine, is required for opening the NMDAR channel (11) . In recent years, it has been recognized that D-serine is at least as potent as glycine at the coagonist site and that D-serine may in fact be the physiological coagonist. As a coagonist with glutamate, D-serine mediates NMDAR responses and long-term synaptic changes in the hippocampus, a region linked to learning and memory (12, 13) . Likewise, together with glutamate, D-serine mediates NMDAR-dependent cell migration during development of the cerebellum (14) and is also the physiological coagonist of NMDAR in the retina (15) and hypothalamus (7) . In models of neurotoxicity, D-serine is the main coagonist required for the cell death caused by NMDAR overactivation, which recapitulates the cellular damage caused by stroke (16) .
The most compelling evidence that D-serine plays a physiological role in NMDAR activation comes from identification of its biosynthetic enzyme in neurons and glia. Serine racemase, a brain-enriched enzyme, converts L-serine into both D-serine and pyruvate (17) (18) (19) (20) (21) . The existence of additional mechanisms regulating extracellular D-serine concentration in the brain, including degradation (19, 22) , transport (23, 24) , and release (23, 25, 26) , also support a possible transmitter role for D-serine (5) (Fig. 1) .
Neuronal D-Serine
Unlike classic chemical neurotransmitters, D-serine was originally shown to be specifically produced and released from glia (18, 22, 26) . Therefore, most studies demonstrating a role for Dserine in mediating NMDAR activity attributed its effects solely to glial D-serine without considering a possible neuronal origin. Although glial D-serine is prominent, a number of recent studies have reported the presence of D-serine in neurons as well. Some studies found D-serine in most (8) or in a subset of neurons of the cerebral cortex (27) , whereas others observed D-serine mainly in some neurons of the hindbrain (9, 28) .
New findings regarding the localization of serine racemase provide additional evidence that neurons are involved in D-serine synthesis. The use of a new antibody against serine racemase revealed a widespread and prominent neuronal localization in situ (8) . The presence of serine racemase in neurons is also supported by in situ hybridization studies that show the presence of its mRNA in neuronal populations of the mouse brain, as revealed by the Allen Brain Atlas (29) and the Gene Expression Nervous System Atlas (GENSAT) projects (30) . Moreover, neurons can release D-serine upon ionotropic glutamate receptor stimulation (8) and possess a high-affinity transporter for D-serine (31) , further indicating that neurons probably regulate extracellular D-serine concentrations.
The presence of D-serine in neurons led to an updated model of D-serine signaling (22) , because the original model did not include a role for neurons in regulating extracellular D-serine concentration. The revised model depicts the release and uptake of D-serine from both neurons and astrocytes (Fig. 1) . Neuronal D-serine mediates a fraction of NMDAR-elicited neurotoxicity in neuronal cultures (8) , indicating that it activates NMDARs in a paracrine or autocrine manner (Fig. 1) . On the other hand, glial D-serine plays a role in the neuron-glia cross-talk that modulates NMDAR activity in normal neurotransmission (32, 33) .
Role of Glial Versus Neuronal D-Serine
It is conceivable that glial and neuronal D-serine play distinct roles in the many physiological tasks carried out by the NMDAR. Although much remains to be learned, a recent study by Puyal and colleagues sheds light on the relative roles of glial and neuronal D-serine (9) . The authors carried out a detailed study of the ontogeny of D-serine in vestibular nuclei by determining D-serine content using biochemical and immunohistochemical methods. Puyal and colleagues discovered that D-serine displays an exquisitely choreographed developmental pattern. The authors first noticed that D-serine levels dropped substantially in adult animals. This decrease is associated with an increase in the abundance of D-amino acid oxidase, an enzyme that destroys intracellular D-serine, in astrocytes (Fig. 1) expression of D-amino acid oxidase increases, a surprising switch in D-serine localization becomes apparent. In the vestibular nuclei of young rats, D-serine is confined to astrocytes, whereas in these brain regions in adult rats, D-serine is found exclusively in the neuronal cells.
The glial-to-neuronal D-serine switch has important implications for D-serine signaling. The authors proposed that glial and neuronal D-serine play distinct roles during development of the vestibular nuclei. The early emergence of glial D-serine in young animals may be primarily associated with the maturation of the vestibular nuclei synaptic connections. On the other hand, the presence of lower-but still meaningful-amounts of D-serine in neurons at later stages of development suggests a different function. One possibility is that neuronal D-serine participates in regulating the basal NMDAR activity of the adult vestibular nuclei. Alternatively, the authors suggest that D-serine may contribute to the neuronal energy metabolism, because the production of D-serine is associated with the production of pyruvate by serine racemase enzyme (19, 20) .
It will be important to investigate whether D-serine also shifts from glia to neurons in other brain regions and if this is due to a glial-to-neuronal switch in serine racemase expression. In Puyal's study, a low glutaraldehyde concentration was used to fix D-serine, and a large part of the signal may have been lost due to poor amino acid fixation. Thus, it is likely that glial and neuronal D-serine coexist at many developmental stages. Determination of the ontogeny of serine racemase expression in the vestibular nuclei by immunohistochemistry would nicely complement this work.
Studies on neuronal D-serine pave the way to a better understanding of D-serine signaling and point to new topics for future investigation. Moreover, they raise many questions about the relative roles of glia and neurons in the synthesis, release, and accumulation of D-serine. For instance, the predominant localization of D-serine in glia (22) contrasts with the robust neuronal expression of serine racemase observed in a recent study (8) . One explanation for this apparent discrepancy is that the greater abundance of glial D-serine is not due to greater serine racemase expression, but rather to the accumulation of D-serine taken up from the extracellular medium by astrocytes. Accordingly, intraventricular injection of D-serine strongly labels astrocytes, indicating that these cells preferentially take up extracellular D-serine (34) . This indicates that glia may be involved in the termination of D-serine signaling by carrying out D-serine reuptake. On the other hand, it is equally possible that the lower abundance of D-serine in neurons is due to lower serine racemase activity. Although L-serine (the substrate for D-serine synthesis) is one of the most abundant amino acids in the brain, neurons have less L-serine than do astrocytes (35) . Because the threshold of L-serine required for D-serine synthesis in situ is unknown, it is not possible to rule out that the neuronal and the glial serine racemase work at different rates.
P E R S P E C T I V E
The recent advances in defining the disposition and role of D-serine in the nervous system raise many additional questions. A more comprehensive study on the molecular mechanisms of D-serine release and those involved in the termination of D-serine signal will be essential for understanding D-serine's role in the regulation of NMDAR activity. It will also be crucial to define the targets for glial and neuronal D-serine; for instance, does D-serine released from both of these compartments stimulate synaptic NMDARs? Based on the presence of D-serine in neurons, it seems appropriate that we should refine some actions of D-serine previously attributed to glial-derived D-serine by considering the role of neurons in D-serine signaling as well. A final verdict on the relative roles of glia and neurons in D-serine signaling will require the development of techniques to discriminate between glial and neuronal D-serine release.
